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We report on a study of neutron-rich nuclei around ^''■^Sn in terms of the shell model 
employing a realistic effective interaction derived from the CD-Bonn nucleon- 
nucleon potential. We present results for some Sb and Te isotopes. Comparison 
shows that our results are in very good agreement with the available experimental 
data supporting confidence in the predictions of our calculations. This may stimu- 
late experimental efforts to gain more information on these nuclei lying well away 
from the valley of stability. 



1. Introduction 

The study of neutron-rich nuclei in the ^^^Sn region is a subject of great 
interest. This is related to the fact that ^'^^Sn is a very good doubly magic 
nucleus whose neighbors provide the opportunity for testing the basic in- 
gredients of shell-model calculations, especially the matrix elements of the 
effective interaction, well away from the valley of stability. 

From the experimental point of view, it is a very hard task to obtain 
information on these nuclei. In the last few years, however, substantial 
progress has been made to access the limits of nuclear stability, which has 
paved the way to spectroscopic studies in the ^'^^Sn region. A summary of 
recent experimental efforts in this area including references through 2000 
is given in Ref. 1. 

Motivated by these experimental achievements, in recent years we have 
studied^''^ several nuclei around ^'^^Sn in terms of the shell model employing 
realistic effective interactions derived from modern nucleon-nucleon (NN) 
potentials. 

The main aim of this paper is to report on some selected results of our 
current work in this region, which have been obtained starting from the 
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CD-Bonn free NN potential.^ In particular, we shall consider two odd- 
odd antimony isotopes, ^^°'^^^Sb, and three even-odd tellurium isotopes, 

133,135,137rpg 

As regards the former, we shall focus attention on the proton particle- 
neutron hole multiplets which play a special role for the understanding of 
the neutron-proton interaction around closed shells. More than thirty years 
ago the study of these multiplets in the Pb region was the subject of great 
experimental and theoretical interest. ^'^■'''^ In this region, through pick-up 
and stripping reactions, several partiele-hole multiplets were idcntified^'^ in 
^°^Bi. In this context, it is worth mentioning that a very good agreement 
with experiment was obtained in Ref. 7 using particle-hole matrix elements 
deduced from the Hamada-Johnston potential.^ 

Despite these early achievements in the stiidy of the neutron-proton 
interaction in the vicinity of doubly magic ■^'^^Pb, little work has been done 
ever since. By considering the new data which are becoming available in 
the ^"^^Sn region, it is high time to revive theoretical interest in this subject 
and perform shell-model calculations making us of a modern A'' A'' potential 
and improved many-body methods for deriving the effective interaction. 

In Sec. 2 we give a bare outline of the theoretical framework in which our 
realistic shell-model calculations have been performed. In Sec. 3 we present 
and discuss our results comparing them with the available experimental 
data. Sec. 4 presents some concluding remarks. 

2. Theoretical framework 

We assume that ^^^Sn is a closed core and let the valence protons and 
neutron holes occupy the five single-particle levels Ogr/2, lc?5/2j l'^3/2j 2si/2, 
and O/111/2 of the 50-82 shell. Similarly, for the valence neutrons in 135.137^^^ 
the model space includes all the six single-particle levels 0/19/2, I/7/2, 1/5/2, 
2p3/2i 2pi/2, and 0^13/2 of the 82-126 shell. The single-proton and single- 
hole energies have been taken from the experimental spectra^"'^^'^^ of ^^'^Sb 
and ^^^Sn, respectively. The only exception is the proton e^^^j which was 
taken from Ref. 13, since the corresponding single-particle level is still 
missing in -'^^^Sb. As regards the single-neutron energies, they have been 
taken from the experimental spectrum^'* of ^"^^Sn , except that relative to 
the ii3/2 level which has not been observed. The latter has been taken from 
Ref. 15. 

As already mentioned in the Introduction, in our shell-model calcula- 
tions we have made use of a realistic effective interaction derived from the 
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CD-Bonn free nucleon-nucleon potential.^ This high-quality NN potential, 
which is based upon meson exchange, fits very accurately (x^/datum w 1) 
the world A'' A'' data below 350 MeV available in the year 2000. 

The shell-model effective interaction V^s is defined, as usual, in the fol- 
lowing way. In principle, one should solve a nuclear many-body Schrodinger 
equation of the form 



with H = T + Vn n , whore T denotes the kinetic energy. This full-space 
many-body problem is reduced to a smaller model-space problem of the 
form 



Here Hq = T + U is the unperturbed Hamiltonian, U being an auxiliary 
potential introduced to define a convenient single-particle basis, and P de- 
notes the projection operator onto the chosen model space, which generally 
consists of a major shell above the doubly closed core. 

A main difficulty one is confronted with in the derivation of Ves from 
a modern NN potential, such as CD-Bonn, is the existence of a strong re- 
pulsive core which prevents its direct use in nuclear structure calculations. 
This difficulty is usually overcome by resorting to the time- honored Brueck- 
ner G-matrix method. Here, we have made use of a new approach^^ which 
provides an advantageous alternative to the use of the above method. It 
consists in constructing a low-momentum NN potential, Vjow-k, that pre- 
serves the physics of the original potential Vjvat up to a certain cut-off 
momentum A. In particular, the scattering phase shifts and deuteron bind- 
ing energy calculated by Vnn are reproduced by Viow-k- The latter is a 
smooth potential that can be used directly as input for the calculation of 
shell-model effective interactions. A detailed description of our derivation 
ow—k can be found in Ref. 16, where a criterion for the choice of the 
cut-off parameter A is also given. We have used here the value A = 2.1 
fm-i. 

Once the Viow-k is obtained, the calculation of the matrix elements 
of the particle-particle and hole-hole interaction is carried out within the 
framework of a folded-diagram method, as described, for instance, in Refs. 
17 and 18. It should be pointed out that for I30,i32g^ ^^^^ las-pg neutron- 
proton effective interaction has been explicitly derived in the particle-hole 
formalism. A description of the derivation of the particle-hole effective 
interaction is given in Ref. 3. 



(1) 



PH.sP^, = P{Ho + V,a)P•^^ = E,P^,. 



(2) 
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Figure 1. Proton particle- neutron iiole multiplets in -'^■'^^Sb. Tiic theoretical rcults are 
represented by open circles while the experimental data by solid triangles. The lines are 
drawn to connect the points. 



3. Results 

We report here some selected results of our study of neutron-rich nu- 
clei in the '^"^^Sn region. All calculations have been performed using the 
OXBASH shell-model code.^^ 

We start by considering the Sb isotopes. Some calculated multiplets for 
^^^Sb are reported in Fig. 1 and compared with the existing experimental 
data.^'^'^-'^ We see that the calculated energies are in very good agreement 
with the observed ones. In fact, the discrepancies are all in the order of tens 
of keV, except for the 1+ state of the 77^5/2 ^^'^3/2 multiplet, which lies 300 
keV above the experimental counterpart. Some other calculated multiplets 
having the neutron hole in the /111/2 level are reported in Ref. 3. 

As regards ^^°Sb, we report in Fig. 2 the 7757/2 ^^^11/2 multiplet, for 
which several members have been experimentally identified. ^^'^^ We see 
that the agreement between experiment and theory is remarkably good. 
It should be noted that both the experimental and calculated energies are 
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relative to the 8^ state, which has been experimentally observed to be the 
ground state. Our calculations predict'^ for the ground state J'^ = 4+, the 
8~ state lying at 92 keV excitation energy. 

It is evident from Figs. 1 and 2 that a main feature of the calculated 
multiplets is that the states with minimum and maximum J have the high- 
est excitation energy and are well separated from the other states, for which 
the splitting is relatively small. This pattern is in agreement with the exper- 
imental one for the 7rg'7/2 multiplet in ^^^Sb and the experimental data 
available for the other multiplets also go in the same direction. It should 
be pointed out that this behavior is quite similar to that exhibited^'* by 
the multiplets in the heavier particle-hole nucleus ^°*Bi. Also, it is worth 
noting that in all of our calculated multiplets (including those reported in 
Ref. 3), the state of spin (j^ + — 1) is the lowest, in agreement with the 
early predictions of the Brennan-Bernstein coupling rulc.^^ 

We turn now to the tellurium isotopes, I33,i35,i.57'p^ These three nuclei 
have been the subject of recent experimental studies, ^'"''^^'^^'^^ where high- 
spin states of a particularly simple structure were identified. 

The calculated spectrum of ^^^Te is compared with the experimental 
one in Fig. 3 . We include all the observed^^ and calculated states up to 
1.3 MeV. In the higher energy region, where several states with unknown 
or ambiguous spin and parity have been observed, we only include the 
high-spin states reported in Refs. 25 and 26. As regards the calculated 
spcctnmi, we report the states which can be safely associated with the 
experimental ones. As for the agreement between theory and experiment. 



7, 2008 7:15 WSPC/Trim Size: 9in x 6in for Proceedings 



paper 



Expt.. 



23/2+ 
25/2+ 
21/2+ 



19/2 
15/2~ 



ll/2~ 
1/2+ 



23/2J 
21/2+ 
25/2+ 



Calc. 



17/2~ 
19/2^ 
15/2" 



3/2-f 
_l/2+ 
-6/2+ 

7/2+ 



11/2" 
1/2+ 



3/2"f 



Figure 3. Experimental and calculated spectra of ^■'■'Te. 



wc scc! that all the observed excited levels arc very well reproduced by the 
theory, the discrepancies being well below 100 keV for most of them. A 
detailed discussion of the structure of the calculated states can be found in 
Ref. 3. 

The theoretical spectrum of '^"^^Te is compared with the experimental 
one in Fig. 4, where all the observed^^ and calculated states up to 1.3 MeV 
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Figure 4. Experimental and calculated spectra of ^^^Te. 



are included. In the higher energy region up to about 2.2 MeV we compare 
the four observed high-spin states^^ with those predicted by the theory. As 
regards ^'^^Te, in Fig. 5 we compare the experimental levels^^ below 2 MeV 
with those predicted by our calculations. 

Prom Figs. 4 and 5 we see that the calculated spectra are in quite good 
agreement with the experimental ones, the largest discrepancy being about 
170 keV in both cases. 

4. Concluding remarks 

We have presented here some results of a shell-model study of neutron-rich 

nuclei close to doubly magic ^"^^Sn, focusing attention on the two antimony 
isotopes I30.i32g^ g^jjj^ ^Yie three tellurium isotopes las.iss.isTrpg^ Jqj. 
new relevant information has been obtained in recent experimental studies. 
In our calculations wc have employed a realistic effective interaction derived 
from the CD-Bonn NN potential. This has been done within the framework 
of a new approach^® to shell-model effective interactions which provides an 
advantageous alternative to the usual Brueckner G-matrix method. We 
have shown that our results arc in very good agreement with the experi- 
mental data for all the nuclei considered. It should be stressed that our 
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Figure 5. Experimental and calculated spectra of ^^'^Te. 



calculations are free from adjustable parameters. 

On the above grounds, we may conclude with the following remarks. 

(i) Effective interactions derived from modern NN potentials arc able to 
describe with quantitative accuracy the spectroscopic properties of nuclei in 
the ^^^Sn region far from stability. This gives confidence in their predictive 
power. 

(ii) On the experimental side, it is of utmost importance to gain more 
information on neutron-rich nuclei in this region. This is certainly a very 
exciting physics to be done with radioactive ion beams. 
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